In vivo and in vitro evaluation of hydroxyapatite nanoparticle morphology on the acute inflammatory response. 
Introduction
Nanomaterials are used in various industries, including cosmetics, agricultural, pharmaceutical, electrical, and medical fields [1] . Although nanomaterials have unique and attractive features, there is increasing evidence suggesting that these features can also make them very reactive, leading to potential health risks [2] . There are many routes of exposure to nanomaterials. They can enter the body via skin penetration, inhalation, and ingestion [3] . Nanomaterial exposure can also occur when a biomaterial is implanted within the body. Orthopedic biomaterials used to augment bone tissue, such as hydroxyapatite (HA), are one such example.
A popular class of orthopedic biomaterial is calcium phosphate ceramics, which has similar inorganic mineral composition, physical characteristics, and porosity similar to human bone [4] . These class of materials have been successfully employed in orthopedic and dental applications as non-load bearing bone substitutes [5] . Within the calcium phosphate family, HA is most similar to mature bone. HA is often used as a bone filler, or coating for metal implants to enhance fixation of the implant to bone tissue [6] . Though HA has shown promising clinical outcomes [7, 8] , some reports have suggested that HA coatings can produce nanoparticulate debris causing inflammation in the body [9, 10] . This nanoparticle debris is recognized as foreign material by the innate immune system which subsequently initiates the recruitment and activation of inflammatory cells such as neutrophils, blood monocytes, and macrophages [11, 12] . Early signaling events in these cells include the activation of proinflammatory gene transcription, cytokine production, and oxidative stress [13] . These phagocytic cells produce reactive oxygen species (ROS) as they attempt to degrade unknown and foreign materials. As the amount of ROS exceeds normal physiological levels these oxidative radicals can perturb the mitochondrial permeability transition pore, destabilizing and disrupting the electron transport chain, leading to cell death through apoptosis or necrosis [14, 15] . If the macrophage is unable to envelop the foreign material, the inflammatory response will be prolonged and frustrated phagocytosis may occur. This will eventually result in chronic inflammation and fibrosis, further irritating the surrounding cells and tissue [16] .
The effect of nanoparticle size, chemistry, and charge on inflammation is well studied [17] [18] [19] [20] [21] [22] . However, the effect of nanoparticle morphology on inflammatory response remains poorly understood. Nanoparticle geometry can alter how serum proteins and cell membrane receptors interact with particles, which, in turn, affects cytotoxicity [23] . The rate of cellular uptake is also greatly affected by nanoparticle shape; rod shaped particles are internalized most readily, followed by spheres and cylinders, while cubes are not easily internalized. [24] . Proinflammatory cytokines and ROS production are also affected by differently shaped micro- [11] and nanoparticles [25] [26] [27] , with the needle morphology causing more inflammation than rods or spheres [27] . In other tissue and cell types HA nanoparticle morphology has been reported to affect ROS production and cell toxicity [28] [29] [30] [31] .The present study investigates how different HA nanoparticle morphologies, long rods, dots, sheets, and fibers affect human MNCs, PMNCs, and hDFs in vitro as well as acute inflammatory cell recruitment and fibrotic capsule formation after 3 days in vivo.
Materials and Methods:

Particle Preparation
The hydroxyapatite nanoparticles (HANPs) with morphologies including dots, sheets, long rods and fibers were fabricated as described below [32] .
The dots, sheets, long rods were prepared as follows: A 3.96 mM (NH 4 ) 2 HPO 4 (ACROS organics, A0323475) solution and 6.60 mM Ca(NO 3 ) 2 ·4H 2 O (SigmaAldrich, MKBK6090) solution were prepared. An equal amount of (NH 4 ) 2 HPO 4 was added dropwise into the Ca(NO 3 ) 2 ·4H 2 O solution, and the pH was adjusted to 11, 7.4 and 6, respectively, using ammonium hydroxide and hydrochloric acid. The solution was then stored in an oven at 110 ℃ for 24 hours. The resultant powders were washed using ethanol and distilled water.
The nano fiber particles were prepared as follows: 0.47 g Ca (NO 3 ) 2 ·4H 2 O and 0.2g CTAB (Sigma-Aldrich, 091M0156V) were dissolved in 20ml of water (labeled, solution 1). Hydrochloric acid was used to adjust the pH to 4. 0.588 g trisodium citrate (Fluka,1327776) and 0.158 g (NH 4 ) 2 HPO 4 were dissolved in another beaker with 15ml of water (labeled, solution 2). Solution 2 was added dropwise into solution 1 under constant stirring. The final solution was placed in an oven at 110℃ for 24 hours. The resultant powders were washed using ethanol and distilled water.
Particle Characterization
The phase analysis of HANP was investigated by X-ray diffraction (XRD) using D5000 (Siemens, Cu K1 radiation (λ=1.5418Å)). The step size was 0.02° and the scan speed was 2s per step. Transmission electron microscopy (TEM, FEI Tecnai F30
ST and Hitachi HF-3300v) was used to analyze the morphologiesof the synthesized HANPs before particle suspension. Selected area diffraction pattern (SADP) and electron energy loss spectroscopy (EELS) was also investigated with the TEM. Human polymorphonuclear (PMNC) isolation: PMNC underwent 2 separation procedures. Briefly, buffy coat blood was subjected to Ficoll-Paque Plus density gradient centrifugation, as described previously. The blood pellet formed was then resuspended in 3% Dextran/0.9% saline solution for 25 minutes. The upper plasma layer was collected and centrifuged at 250g for 10 minutes. Contaminating erythrocytes were removed by adding 0.2% saline solution to the pellet for 20
seconds. An equal volume of 1.6% saline solution was then added and the cell suspension was centrifuged. The total cell number for each fraction was determined by counting on a hemocytometer with 0.4% trypan blue to determine viability, and 3% acetic acid to differentiate mononuclear from polymorphonuclear cells.
After preliminary experiments were conducted, all cell experiments were performed with an optimal HANP concentration of 100 µg/ml. PMNCs were resuspended in media containing 10% human plasma for all experiments.
Human Dermal Fibroblasts (hDF) Culture
Hdf cells were obtained from ATCC and maintained in DMEM/F12 supplemented with 10% fetal bovine serum (Hyclone, Thermo Fisher Scientific), 2mM glutamine, 100 U/ml penicillin, and 100 ug/ml streptomycin. These cells were cultured in 75 cm 2 flasks at 37°C, in a humidified atmosphere with 5% CO 2 .
Cell Viability
PMNC and MNC viability: After particle exposure (100 µg/ml) viable cells were quantified by evaluating the activity of lactate dehydrogenase (LDH) in intact PMNCs, MNCs. Both PMNCs and MNCs were lysed with lysis buffer after 4 and 24 hours respectively. LDH activity was then analyzed following the manufacturer's instructions in the In Vitro Toxicology Assay Kit, Lactic Dehydrogenase kit (SigmaAldrich). The observed LDH activity for all groups was normalized to the plate particle group. hDF viability: Hdf cells were treated with 100 µg/ml of HANPs and analyzed after 1, 2, and 3 days of culture following the manufacturer's instructions of the Alamar Blue assay (Invitrogen). Dose dependent cytotoxicity for PMNCs, MNCs, and hDFs was performed using HANP concentrations at 40ug/ml, 100ug/ml, and 400ug/ml.
Live Dead Imaging
PMNC and MNC were double stained with Calcein-AM and Propidium Iodide solutions (Sigma-Aldrich) in order to visualize viable and dead cells at 4 and 24 hours, respectively. Since dead PMNC and MNC do not adhere, the resultant images only show the viable calcein stained cells.
Luminol amplified chemiluminescence
In order to quantify the generation of reactive oxygen species (ROS) released by the cells, luminol amplified chemiluminescence was used. All measurements were performed in white 24 well optisheets (Perkin Elmer) at 37°C in medium containing a 4:1 ratio of PBS to RPMI-1640, 10% human plasma, 100 µM of glucose, 50 mM luminol, 0.1M NaOH, and 2 ug/ml horse radish peroxidase (HRP). MNCs and PMNC were seeded in suspension with 100 µg/ml of particles and measurements were taken every 2 minutes for up to 2 hours, using a plate reader in the luminescence mode (Tecan). MNCs were activated using 0.5 µM phorbol myristate acetate (PMA) while PMNCs were activated by 0.25 µM PMA. Total ROS was quantified by integrating the area under the chemiluminescence kinetic curve (AUC) using Origin Software.
This value was then normalized to the positive control (tissue culture plastic treated with PMA) for each sample and then plotted as percentage greater than the positive control.
PMNC Morphology
PMNC morphology was observed using the bright field view in an inverted microscope, after 1 hour of exposure with the HANPs.
Caspase 3/7 activation
Caspase 3/7 activation in PMNCs, MNCs, and hDFs treated with 100 µg/ml of particles, was quantified by following the manufacturer's instructions in the Caspase3/7 glo kit (Promega). PMNC caspase activity was measured after 4 hours and MNC and hDFs after 24 hours. The observed caspase 3/7 activity, for all groups, was normalized to the plate group.
In vivo implantation and histology
The animal experiments were approved by the University of Texas at Arlington Animal Care and Use Committee. The HANPs were implanted subcutaneously in male Balb/C mice (20-25 gram) from Taconic Farms (Germantown, NY, USA).
Briefly, four sections of the dorsal skin of mice was shaved and the different HANP solutions (1mg particles mixed with 0.5 ml of sterilized saline) were injected, using 18 gauge needles, into the subcutaneous space in four distinct regions dorsally in the mice. Implant-bearing mice were sacrificed three days after implantation. The nanomaterial implants and the surrounding tissues were excised and then frozen in OCT embedding media (Polysciences Inc., Warrington, PA) at -80 0 C for histological analysis. To determine the extent of acute inflammatory response towards the different particles, tissue slides were stained with hematoxylin and Eosin Y (H&E stain; Sigma, St. Louis, MO) according to manufacturer's instruction. ImageJ software was used to quantify the observed capsule thickness and cell recruitment to the implanted area.
Statistics and Data Analysis
Each data point represents an average of 4 (Calcium, pH measurements), or 6 samples (Viability, ROS, caspase assays), with at least 2 replicates of each experiment.
Ordinary ANOVA was performed using standard methods for the Tukey multiple comparison test. p< 0.05 was chosen as significant.
Results
Phase Composition
The XRD pattern in Fig.1 matched the standard HA diffraction pattern (00-009-0432, HA), indicating that all the synthesized NPs were composed of HA and had good crystallinity. 
Particle Morphological Analysis
The TEM micrographs displayed that the dots (Fig 2A) were approximately 15 nm in diameter. A lower pH increased the aspect ratio. Below a pH of 7.4, the majority of HANPs formed sheet-like particles (Fig 2B) with a mixture of long rod-like particles.
The synthesized sheet particles were 75 nm in length and 30 nm in diameter. Below pH 6, the resultant particles formed long rods (Fig 2C) which were 200 nm in length and 20 nm in diameter. Below pH 4, fiber-like NPs with a diameter of 60 nm and lengths between 1-4 µm (Fig 2D) were formed. SEM analysis further confirmed that the morphology of the HANPs was not affected before and after 1 hour of suspension in serum free medium (Fig 3) . Though the morphology remains the same after incubation, the fiber particles appear slightly shorter. We attribute this change to the use of sonication. Moreover, the particle size distribution after 1 hour of suspension in serum free medium showed that the HANPs ranged in size from 25 to 85 nm, with a median size of 50, 37, 68, 33nm for fibers, long rods, sheets and dots (Fig 4A-D) , similar to results from TEM and SEM analysis (Fig 4) . The spots found in the fourier transform (FT) patterns match the XRD patterns of Fig. 1 but have a much higher resolution, indicating that the nanoparticles all share the same chemistry and crystal structure ( Supplementary Fig 1) . The EELS analysis exhibited no major differences in the low loss region at the Ca edge (at 346 eV) and the O edge (532 eV), in both peak position and fine structure. This is a strong indication that all HANPs are the same chemical compound. Differences in the background and post-edge intensities are due to differences in thickness ( Supplementary Fig 2) . 
Specific Surface Area
The BET analysis showed that fibers had the smallest mass to surface area ratio (52.7 g/m 2 ) compared to the other particle morphologies ( Table 1) . The sheets had the second smallest ratio (57 g/m 2 ), followed by the long rod particles (71 g/m 2 ). The dots had the biggest mass to surface area ratio with 91.5 g/m 2 . 
Calcium ion content and pH of HANP suspension
Calcium content was analyzed after 1 hour of particle incubation (Fig 5A) . The calcium content for the HANP suspensions was normalized to the serum free medium control group. The amount of free calcium was reduced by 59% in serum free medium containing long rods, 43% in medium containing sheets, and 45% in medium containing dots, compared to the control medium. While the amount of free calcium was reduced by 16% in medium containing fiber particles compared to control medium, this difference was not statistically significant. The pH of all four of the HANP suspensions was found to be comparable to the control medium ( Fig 5B) . 
Cell Viability
The dose response toxicity is shown in Supplementary Fig. 3 for PMNCs, MNCs, and hDFs. In PMNCs, the fiber particles induced significantly greater toxicity at all concentrations (Suppl Fig 3A) . This trend was also present in hDF cells (Suppl Fig   3C) . In contrast, in MNCs, the dot particles were significantly more toxic at the 100ug/ml particle concentration, while the fiber particles were significantly toxic only at the highest concentration (400 ug/ml). The 100 ug/ml HANP concentration exhibited the greatest difference in toxicity between particle morphologies, while remaining minimally toxic overall. Thus this concentration was selected for further studies. The fibers caused increased toxicity compared to the sheet particles when cultured with PMNCs. (Fig 6A, 6B) . The live dead images also showed the same effect, with the least number of viable PMNCs when in contact with the fibers.
However, MNC viability was most sensitive to dots compared to the other particle morphologies (Fig 6A, 6C ). This finding can also be seen in the live dead images.
Fibers caused significant toxicity compared to all other particle morphologies in hDFs (Fig 6A, 6D) , also in agreement with the live dead images. 
ROS Quantification in vitro
Fibers caused PMNCs to produce the highest amount of ROS, 45% higher than the positive control, compared to the other particle morphologies (Fig 7A) . This difference, however, was not found to be significant. MNCs however, released a significantly higher amount of ROS when exposed to the fibers as compared to the sheets and long rods ( Figure 7B ). The fibers caused a 40% increase in ROS, while the long rods and sheets stimulated only a 22% increase, compared to the positive control. 
PMNC Morphology
An hour after exposure to fibers, PMNC cell membranes showed plasma membrane blebbing, as seen in the light microscopy images (Fig 8D) . The dot particles also caused slight blebbing of the cell membrane. 
Caspase 3/7 activation
PMNCs, MNCs, and hDFs all showed the highest level of caspase 3/7 activation after exposure to fibers (Fig 9) . PMNCs ( Fig 9A) cultured with the fibers showed a 20% increase in Caspase activation as compared to the other particle morphologies, although not significant. MNCs (Fig 9B) exhibited a 50% increase, while hDFs ( Fig   9C) exhibited a 200% increase in caspase 3/7 activity when in contact with fibers, compared to all other particle morphologies. Furthermore, the long rod particles caused a 30% decrease in MNC caspase 3/7 activity as compared to the sheet particles. 
In vivo acute inflammatory activation
H&E staining of tissues after HANP implantation showed slightly increased cell recruitment with the fibers compared to the other particles (Fig 10A-E) . Fibrotic capsule formation (Fig 10F) was significantly thicker with the fiber particles ( Fig   10D) compared to the long rods (Fig 10B) . A thicker capsule correlates with increased inflammation, thereby showing that the fibers caused the most inflammation in the mice. were then evaluated by ImageJ analysis. * indicates significance (p<0.05) between long rods and fibers. The scale bar represents 100 µm.
Discussion
Given its similar chemical and physical characteristics to bone, HA has been widely used as bone substitute material in orthopedic applications [4, 5] . However, when dispersed as nanoparticles HA can cause inflammation by activating monocytes and neutrophils [12, 19] , by releasing an increased amount of cytokines and chemokines, such as IL-1α, IL-18 and degranulation of neutrophils and recruitment of leukocytes [12, 19] . The stability of HANP is also a concern because dissolution or reprecipitation can influence cell behavior [33] [34] [35] [36] [37] . When HANPs are suspended in liquid they can dissolve and reprecipitate rapidly, leading to ion release, change in the pH, size and morphology [33, 35, 36] . While the morphology of the HANP did not change after suspension in serum free medium, the amount of free calcium decreased for long rods, sheets and dots. This is not surprising, as calcium is drawn to the surface of HANPs [34, 36] . In MNCs and PMNCs intracellular calcium levels are particularly important during the activation and respiratory burst process. However, prior work has shown that the respiratory burst, as measured by chemiluminescence and cytochrome C reduction in neutrophils and mononcytes that have been stimulated with PMA, is not affected by the extracellular concentration of calcium. In fact, complete removal of calcium from the medium does not reduce or affect ROS production in response to PMA [38, 39] . The role of calcium in ROS production depends upon many factors, including which priming agent is used. Depletion of calcium inhibits ROS production when leukocytes are activated with Concavalin A or fMLP, but not with PMA or LPS ( [40, 41] . The unchanged morphology and comparable pH among all particle types, after suspension, suggest that dissolution and reprecipitation are not occurring during the incubation period before the in vivo and in vitro experiments. The fiber particles slightly decreased in length, though there was no decrease in calcium or change in pH. In vivo and in vitro experiments, are therefore not likely affected by the dissolution of the HANPs.
In the current study exposure to fiber HA particles led to an increase in PMNC toxicity, in vitro (Fig 4A, 4B) . We hypothesized that the observed toxicity may be due to oxidative stress that occurs during the process of phagocytosis. The chemiluminescence assays confirmed that the fiber morphology caused higher ROS production ( Figure 5A ) in PMNCs, compared to the other morphologies. Interactions between foreign materials and the cell membrane of phagocytic cells cause the NADPH oxidase system to assemble and catalyze the reduction of molecular oxygen to superoxide anion [42] . Phagocytic cells produce superoxide anions and hydrogen peroxide radicals as second messengers and as part of the degradation process of pathogens. However, if radical production becomes excessive it will be toxic for the phagocyte as well as for the surrounding cells and tissue [43] .
Interestingly, within 1 hour of contact with fibers, PMNC morphology changed and small blebs began appearing on the cell membrane. These blebs resembled the process of blebbing associated with apoptosis ( Fig 6D) . During apoptosis, phospholipids that are normally found on the intracellular side of the plasma membrane, specifically phosphatidylserine (PS), translocate to the outer surface of the cell membrane. This exposes PS to the extracellular space and marks the cell for engulfment by phagocytes [44] .
We also investigated the activity of endoproteases caspase 3 and 7, which are part of the apoptosis signaling pathway. Caspase 3/7 activity, increased by 20% for PMNC's exposed to fiber particles as compared to the other particle morphologies (Fig7A). Caspase 3/7 activity is a clear indicator for cells that have committed towards the apoptosis pathway. They are known to be the effector caspases and play a critical role in apoptosis by causing chromatin condensation, DNA fragmentation, and apoptotic body formation [45] . There have been extensive studies on cellular response to asbestos fiber particles, in fibroblasts and phagocytes [46, 47] , however this is the first study on hydroxyapatite fiber particles. Fiber particles can cause increased ROS production and activation of the inflammasome [3] as well as induce DNA damage, cell cycle delays, and apoptosis in mesothelial cells [48] . ROS acts as both a "danger signal", and is thought to be a secondary messenger in the apoptosis pathway [49, 50] .
Previous studies have shown that caspase-3 is not only involved in ROS-induced apoptosis, but also has been suggested to become activated by ROS itself [43, 51, 52] .
The morphological and apoptotic behavior observed for the PMNCs may therefore result from the increased ROS production that the fibers elicit.
The toxicity observed in PMNC's was also observed in human dermal fibroblasts exposed to fibers (Fig 4A, 4D) . Caspase 3/7 activation increased by 150% in hDF exposed to fiber particles, compared to all other particles (Fig 7C) .
Collectively, these results suggest that the fiber morphology significantly stimulates apoptosis in fibroblasts and PMNC's.
Mononuclear cells responded to the HANP's differently, compared to hDFs and PMNCs ( Figure 4B ). Exposure to dot particles resulted in a significantly greater amount of toxicity compared to all other particles (Fig 4A, 4C) . Fiber particles did not cause noticeable cell death in MNCs, as seen with the other cell types. These particles however, significantly stimulated greater (20%) ROS production compared to sheets and long rods (Fig 5B) . While fibers stimulated a comparable increase in ROS for both MNCs and PMNCs, toxicity was only observed in PMNCs. Caspase 3/7 activity was also elevated for both PMNC and MNCs when exposed to the fibers. It is important to note that the lifetime of MNC and PMNC are very different. PMNCs typically die within 12 to 24 hours once isolated from the blood, while MNCs can survive for up to 5 days in culture [53, 54] . In this study PMNCs were assayed for toxicity and caspase activity after 4 hours in culture, while MNCs were tested for toxicity and caspase after 24 hours. A later time point was selected for MNCs since they do not exhibit toxicity before 24 hours.
Previous studies have shown that fibers play a role in chemotaxis and macrophage activation [46] . Fibers are incompletely phagocytosed and internalized by monocytes and macrophages, eventually leading to chronic inflammation [46] .
Macrophages are unable to fully phagocytose asbestos fiber particles, and subsequently super oxide anions and other peroxide radicals are released to the outside of the cell leading to frustrated phagocytosis [16] . Furthermore, unlike tangled fibers, straight fibers like the ones used in the current study, cause incomplete uptake and frustrated phagocytosis [16] . It is, therefore, not surprising that the HA fiber particles caused an increase in ROS compared to the other particle morphologies.
Interestingly, the dots do not stimulate caspase activity and, therefore, appear to not cause toxicity via apoptotosis (Fig 7B) . In contrast, fibers induce 50% greater caspase 3/7 activation compared to all other particle types. The observed toxicity that dots initiate may therefore occur via necrosis instead.
Specific surface area is an important parameter in determining the reactivity of particles in a biological environment. Nanoparticles generally tend to have a high specific surface area, increasing the amount of contact with cells [55] . In the current study, the dot particles have the highest specific surface area compared to the other particle morphologies. Studies have shown that particles with a higher specific surface area, such as the dots, induced increased apoptosis rates, compared to particles with a smaller surface area, such as the long rods [56] . This explanation is in agreement with our observed dot particle toxicity, but disagrees with the lack of caspase activity. It is, therefore, possible that necrosis is occurring.
The in vivo results in mice were in close agreement with the cell culture toxicity results. In vivo, the fiber and dot particles both caused increased capsule thickness around the area of implantation ( Figure 8C, 8D, 8F) . A thicker capsule thickness correlates to an increased inflammation. The fiber particle aspect ratio was the greatest, with a 20 to 50 fold greater particle length than width [32] . Studies have shown that fiber length and diameter are important factors in acute inflammation [57] .
Fibers with a diameter of 100nm and below, and a length of 4 µm and longer are pathogenic when injected into the peritoneal cavity. The HA nanofiber particle length, which ranged from 1 µm to 4 µm, is likely the cause for the observed inflammation in vitro and in vivo. In the present study, both length and surface area stimulated inflammation. The shortest particle, the dot particle, also has the largest surface area, which may explain why they are more inflammatory than the long rods. Macrophages exposed to these longer fibers undergo frustrated phagocytosis, which can further promote chronic inflammation at later time points.
Conclusions:
In the present study, the fiber morphology induced increased toxicity to the human PMNCs, and hDFs, while the dots caused a decrease in human MNC viability. The
MNCs and PMNCs however both produced greater amounts of ROS when treated with fibers. The fibers also caused increased caspase 3/7 activation for PMNCs, MNCs, and hDFs, thus initiating apoptosis. When implanted subcutaneously in vivo, the fibers and dots caused the highest acute inflammation as compared to the sheets.
Nanoparticle morphology, independent of chemistry and charge, has thus been shown to have an important influence on inducing acute inflammation.
